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the consumption of domoic-acid-containing shellfish (Todd 1990) . The 1987 ASP episode was a serious threat to the molluscan aquaculture industry, but the establishment of a monitoring program by the Department of Fisheries and Oceans has provided an early warning of toxic events that has protected the industry and consumers of molluscan shellfish since 1988 (Bourque and Cormier 1989) .
Nitzschia pungens f. multiseries from Cardigan Bay was first isolated into unialgal culture by Subba Rao et al. (1988) who demonstrated the de novo production of domoic acid by nonaxenic cultures of this diatom. Further work established that this diatom was the primary source of domoic acid in cultured mussels . Other organisms, however, may be implicated in domoic acid production, as this toxin has been detected in Nitzschia pseudodelicatissima (Martin et al. 1990) as well as in the absence of N. pungens f. multiseries (Smith et al. 1990b ). Three isolates of N. pungens f. multiseries from Cardigan Bay produced domoic acid under comparable culture conditions Subba Rao et al. 1990 ). Recent isolates of N. pungens f. multiseries from Galveston Channel, Texas, have also been shown to produce domoic acid (Fryxell et al. 1990) . Nitzschia pungens has been reported from coastal waters.around the world (Hasle 1965; Furnas 1982; GonzalezRodriguez et al. 1985; Forbes and Denman 1991) , but its ability to produce domoic acid in these waters has not been studied.
The factors influencing the production of domoic acid are not yet well understood. Here we document the production and release of domoic acid in culture by N. pungens f. multiseries. We show that domoic acid is produced only during the stationary phase of batch culture and that irradiance and the presence of extracellular nitrogen are essential for domoic acid production.
Materials and Methods

Organism and Culture Conditions
Nitzschia pungens f. multiseries (clone NPARL) was isolated from a sample collected in Cardigan Bay, P.E.I. . The unialgal isolate was nonaxenic, but sterile technique was used throughout the study. Until very recently, repeated attempts to render the culture axenic have failed, but studies with axenic cultures are now in progress. Cells were maintained in medium f/2 (Guillard and Ryther 1962) made with filtered seawater. Cultures were normally grown in borosilicate flasks, but polycarbonate flasks were used when control of the silica concentration was specifically required. The temperature, irradiance, and nutrient conditions are described with each experiment. Irradiance was provided by a bank of Cool-White fluorescence lamps and was measured with a LI-COR quantum meter (model LI-185B) fitted with a 4'IT sensor. Cell numbers were obtained by optical microscope counts of two to four replicate 5-f..LL aliquots of culture. The concentration of major nutrients was determined with a Technicon autoanalyzer.
Sample Preparation for Domoic Acid Analysis
Three methods of harvesting N. pungens cultures were tested to determine the best procedure for differentiating between cellular and extracellular (that found in the culture medium after removing the N. pungens cells) domoic acid.
(l) Concentration using polycarbonate filters
Cells from duplicate 50-mL aliquots of culture were concentrated down to approximately 2 mL (ensuring that cells on the filter never went dry) by vacuum filtration « 10 kPa) onto a polycarbonate-membrane filter (Nuclepore; 47-mm diameter; 3-f..Lm pore size). Cells were then rinsed with three 1O-mL volumes of filtered seawater, quantitatively removed from the filter using a pipette, and made to 10 mL with seawater. These cells and the filtrate were separately frozen for subsequent analysis.
(2) Filtration onto glass-fibre filters
Cells from duplicate 50-mL aliquots of culture were collected by vacuum filtration « 10 kPa) onto a glass-fibre filter (Whatman type GF!F; 47-mm diameter). Again, cells on the filter were never allowed to go dry. The filter and the filtrate were frozen for subsequent analysis.
(3) Centrifugation
Duplicate lO-mL aliquots of culture were centrifuged in conical tubes for 5 min at approximately 900 X g, then 5 mL of supernatant from each aliquot was removed for domoic acid analysis, and the remaining material was again centrifuged for 5 min at 900 X g. All but approximately 0.2 mL of supernatant was removed, the volume was made to 10 mL with filtered seawater, and the sample was then frozen.
Prior to domoic acid analysis, N. pungens cells, concentrated by filtration onto a membrane filter or by centrifugation, were sonicated for 1 min at 100 W using a I-em-diameter probe (Braun-sonic 1510) to release the cellular domoic acid. Cell debris was then removed by filtration through a Millex-HV 0.45-f..Lm disposable filter (Millipore Corp.). Glass-fibre filters containing the cells were sonicated for 3 min in 9 mL of seawater, and the debris was removed by centrifugation at 1000 X g for 10 min. The supernatant was made to 10 mL with seawater and then filtered through a 0.45-f..Lm disposable filter prior to domoic acid analysis. Domoic acid was analyzed by a high-sensitivity (0.5 ng-ml, -I detection limit) 9-fluorenylmethoxycarbonyl chloride (FMOC) precolumn derivatization method for amino acids followed by reversed-phase HPLC with fluorescence detection ).
The domoic acid concentration in the cells (picograms per cell) was calculated by dividing the concentration of domoic acid in the cellular extract made to 10 mL with seawater (micrograms per millilitre) by the cell concentration (cells per millilitre). Domoic acid produced by the "whole culture" (i.e. cells sonicated with the growth medium) was obtained after sonication, as above. Cellular domoic acid from the "whole culture" (picograms per cell) was calculated by attributing the total domoic acid producted in the culture to the cells.
Domoic Acid Secretion Experiment
A time-course experiment was carried out to monitor the change in cellular and extracellular domoic acid in a batch culture ofN. pungens. Cells were grown (15°C; 100 f..LE·m-2·s-l; in a borosilicate carboy containing 16 L of f/2 medium (214 f..LM Si). An orbital shaker (90 rpm agitation) and aeration with filter-sterilized air kept the culture well mixed. Cellular domoic acid was measured in cells harvested onto polycarbonate filters, as above. Extracellular domoic acid was measured in the culture medium after the cells were removed by filtration.
Irradiance Experiments
The timing and magnitude of domoic acid production were determined on N. pungens cultures grown at two irradiance levels (145 and 45 j.LE·m-2·s-l ; 10 h light: 14 h dark) attenuated by neutral density screens. Our preliminary experiments indicate that photosynthesis is saturated at an irradiance level of 150-200 j.LE·m-2·s-l . Cultures were grown, in triplicate, at 10°C in flasks containing 300 mL of f/2 medium (214 j.LM Si). The flasks were placed on an orbital shaker table (100 rpm agitation) and the position of the flasks was rotated daily to account for any uneven distribution of irradiance level.
The effect of darkness on domoic acid production by N. pungens was determined by placing a stationary phase culture into darkness for 7 d. Another experiment examined the production of domoic acid during light-dark cycles in an early stationary phase culture (15°C; 100 j.LE·m-2·s-l ; 16 h light: 8 h dark).
Photosynthetic Inhibitor Experiment
An experiment was carried out to determine the effects of the photosynthetic inhibitor 3-(3 ,4-dichlorophenyl)-1 .I-dimethylurea (DCMU) on domoic acid production by the' 'whole culture". Nitzschia pungens was grown (15°C; 100 j.LE·m-2·s-l ; 16 hlight: 8 hdark) in duplicate flasks containing 250 mL off/2 medium (214 j.LM Si). At the midexponential phase, DCMU (10-5 M final concentration made from a 10-3 M ethanolic stock solution) was added to the experimental flasks and ethanol (1% final concentration) to the control flask.
Nutrient Experiments
One experiment examined the production of domoic acid and the final cell yield attained in stationary phase as a function of initial silicate concentration. Nitzschia pungens was grown (15°C; 100 j.LE·m-2·s-l ; 16 h light: 8 h dark) in polycarbonate flasks containing initial silicate concentrations of 5, 10, 30, 55, and 105 j.LM. Domoic acid in the "whole culture" and in the filtrate was determined on cultures fractionated using polycarbonate-membrane filters during the stationary phase, and cellular domoic acid was determined by difference.
Other experiments were carried out (15°C; 100 j.LE·m -2' S-I; 16 h light: 8 h dark) to examine the effects of the presence or absence of major nutrients on domoic acid production in stationary phase cultures of N. pungens. Cells from a lateexponential phase culture were gently « 10 kPa) concentrated onto a membrane filter and resuspended into each of three Fernbach flasks containing 1.0 L of either fresh f/2 medium with no nitrate, silicate, or phosphate and into a control flask containing the full complement of f/2 nutrients.
A final set of experiments examined the effects of nitrate, in particular, on domoic acid production. Duplicate cultures of N. pungens were grown (17°C; 100 j.LE·m-2·s-l ; 16 h light : 8 h dark) in flasks containing 300 mL of f/2 medium with nitrate-N initially at approximately 1 mM, 0.05 mM, or with no nitrate. On day 14 (9 d after the beginning of the stationary phase), nitrate became undetectable in the culture grown initially with 0.05 mM nitrate-No At that point, nitrate-N (approximately 1 mM final concentration) was added to the culture to determine if nitrogen addition stimulated domoic acid production. as expected (Fig. 2) . The cell yields attained during the stationary phase were similar at both irradiance levels. Because of the faster growth rate, however, the stationary phase was reached about 10 d earlier in the high-than in the low-irradiance culture. As in the above experiment, domoic acid in the "whole culture" was detected only after the beginning of the stationary phase. For the high-irradiance culture, this was about 10 d earlier than for the low-irradiance culture. The initial rates of domoic acid production were not significantly different (p = 0.01) at the two irradiance levels (Fig. 2 ).
Results
Domoic acid production ceased when a stationary phase culture (5 d after the beginning of the stationary phase) was placed into darkness. Likewise, there was no production of domoic acid during the dark period when N. pungens was grown with a 16 h light: 8 h dark cycle (Fig. 3) . The production of domoic acid stopped rapidly (within 2h) after the transition from the light to the dark period, and promptly resumed after the beginning of the light cycle.
Nutrient Experiments
A positive linear relationship (r = 0.9~"8) was found between the initial silicate concentration added to the f/2 medium and comparable results for samples taken during the stationary phase (Table I ). The total of cellular plus extracellular domoic acid compared favorably with that in the "whole culture" (i.e. cells sonicated with the growth medium), indicating that the methods used for differentiating cellular from extracellular domoic acid were quantitatively suitable. In contrast, concentrating the cells onto a glass-fibre filter gave low values for cellular domoic acid (Table I ). This may have been due to a poor extraction efficiency or to loss of domoic acid by adsorption onto the glass fibres when they were removed by centrifugation. The latter is not likely because the domoic acid concentration in the filtrate from glass-fibre filtration was similar to that from polycarbonate-membrane filtration or from centrifugation (Table 1) . Given the greater variability with glass-fibre filters, harvesting by concentrating cells with a membrane filter was the method used in all subsequent experiments in which cellular and extracellular domoic acid were differentiated.
Domoic Acid Secretion Experiment
As in previous experiments , domoic acid was produced only during the stationary phase in batch culture (Fig. 1) . Cellular domoic acid reached a maximum (7 pg-cell " ') about 7 d after the beginning of the stationary phase, and slowly declined thereafter. Extracellular domoic acid in the filtrate lagged the appearance of cellular domoic acid by about 3 d and continued to increase with time in the growth medium, eventually exceeding the quantity found in the cells. The concentration of cellular plus extracellular domoic acid equalled the concentration of domoic acid in the "whole culture", indicating that the results properly account for the domoic acid in the two fractions. cell yield obtained during the stationary phase in batch culture (Fig. 4) . Division rates were not significantly different for each of the silicate concentrations. Cultures grown with initial silicate concentrations of 5-30 f.LM contained approximately 35% more domoic acid per cell at the time of harvest during the stationary phase than those grown with 55-105 f.LM initial silicate (Fig. 4) . It should be noted that because of the length of time required to deplete the added silicate, each culture had been at stationary phase for a different duration at the time of harvest, and this could explain the differences in cellular domoic acid content, as discussed below. Preliminary experiments showed that domoic acid production continued when silicate-depleted medium from a stationary phase culture was replaced with fresh f/2 medium containing nitrate but no phosphate or silicate. Production of domoic acid ceased, however, when the spent medium was replaced with f/2 medium containing no nitrate. This led to a more detailed examination of the effects of three nitrate concentrations on domoic acid production.
Two batch cultures were grown in f/2 medium containing limiting concentrations of nitrate (0 and 0.05 mM). A third (control) culture was grown in medium containing excess nitrate (approximately 1 mM) and a limiting concentration of silicate (185 f.LM). With no added nitrate, N. pungens cell numbers increased from an initial 3700 cells-nil. -I to a final 11 000 cells·mL~I (approximately 1.3 doublings), and domoic acid remained undetectable during the stationary phase (Fig. SA) . When grown with an initial nitrate concentration of 0.05 mM, a cell density of approximately 90 000 cells·mL -I was reached 1140 (Fig. 5A) , limited by the depletion of nitrate (Fig. 5B) ; phosphate never became depleted in any of the cultures (Fig. 5C) . A low level of domoic acid (approximately 0.4 pg'cell-I ) was found during the initial part of the nitrate-induced stationary phase (Fig. 5A) . On the seventh day after the beginning of the nitrate-induced stationary phase, nitrate was added to the culture (dotted line in Fig. SA) to bring the concentration to approximately 1 mM (Fig. 5B) . This resulted in an immediate resumption of exponential growth, during which time the amount of cellular domoic acid on a per cell basis decreased due to dilution by the increase in cell number (Fig. SA) . A new stationary phase was then reached at a higher cell concentration (256000 cells-ml. -I) when silicate became depleted (arrow in Fig. 5A) . The new plateau level was similar to that attained by the control culture, also limited by silicate (arrow in Fig. SA) . On attaining this new plateau, cellular domoic acid began to rapidly increase at a rate similar to the control culture, reaching a value of approximately 10 pg'cell-I on day 40 (Fig. SA) . The nitrate concentration never decreased below approximately 0.2 mM during the stationary phase (Fig. 5B ) when domoic acid was being produced.
Incubations in the above experiment were carried out in borosilicate flasks. The silicate concentration in these flasks increased by a variable amount after autoclaving the medium. An experiment confirmed that autoclaving the medium in borosilicate flasks resulted in an increase in silicate concentration (Table 2) . Because the silicate concentration can regulate the final cell yield reached during stationary phase, it is essential to be able to control this concentration, e.g. by using polycar- Polycarbonate Preautoclaved 209 ± 5 38.4 ± 1.1 914 ± 9 Postautoclaved 176 ± 5 36.7 ± 0.9 947 ± 13 bonate flasks. When the above nitrogen growth experiment was repeated with incubations in polycarbonate flasks, lower cell yields were attained, as expected if no silica were being leached from the flasks, but the pattern of domoic acid production after nitrate addition was the same as that described above.
Photosynthetic Inhibitor Experiment
Cell division ceased within 1 d of adding an ethanolic solution of the photosynthetic inhibitor DCMU (Fig. 6) . The division rate of the control culture also slowed after addition of ethanol (l % final concentration), but the final cell yields was nevertheless greater than in the DCMU-inhibited culture (Fig. 6 ). Domoic acid was produced by the control culture which contained ethanol, although about lO-fold less than what was usually observed (e.g. Fig. 1 ). No domoic acid was produced in the culture to which DCMU was added (Fig. 6) . 
Discussion
The events surrounding the episode of amnesic shellfish poisoning in late 1987 were unique in that they involved the production of a neurotoxin by a pennate diatom, Nitzschia pungens f. multiseries, and that the diatom bloom and toxic mussels were localized to within a narrow coastal region of eastern Prince Edward Island (Bates et al. 1988 . Autumnal blooms of N. pungens have occurred now for the last four consecutive years (Smith et al. , 1990b , and the causes of these blooms remain unclear. However, results of this study identify some of the conditions necessary for domoic acid production by N. pungens f. multiseries in laboratory culture.
The methodology we used to harvest N. pungens cultures (i.e. by polycarbonate-membrane filtration) provides an adequate way to partition cellular and extracellular domoic acid. This distinction is not always necessary, in which case the measurement of domoic acid in the "whole culture" is more simply carried out by sonicating the cells plus growth medium, filtering, and analyzing the resulting filtrate.
It is well known that the environmental conditions under which phytoplankton grow and the growth stage in batch culture influence cellular chemical composition (Harrison et al. 1990) . It is therefore not surprising that the toxin content of phytoplankton cells also varies with growth condition and stage in batch culture. The pattern of toxin production generally followed by dinoflagellates, for example, is for cellular levels to be highest during exponential phase and to decline during stationary phase (Singh et al. 1982; Boyer et al. 1987; Boczar et al. 1988; Roszell et al1990; Anderson et al. 1990 ). This type of "growth stage variability" (Anderson et al. 1990 ) is markedly different from the pattern we observed for domoic acid production in batch cultures of the pennate diatom N. pungens, Can. J. Fish. Aquat. Sci., Vol. 48, 1991 in that toxin production occurred only in stationary phase and was not evident during exponential growth. Changes in the rate of secondary metabolite production reflect the cells' changing physiology during the lag, exponential, and stationary phases in batch culture. In this context, it is evident that a batch culture consists of a mixture of physiologically distinct cells, and that at any given time, even during exponential growth, some cells may be dividing at a very slow rate or not dividing at all and hence are likely to be producing domoic acid. This would be the case, in particular, for cultures in transition between the exponential and stationary phases. Our results support this, as evidenced by a very small increase in domoic acid level during this transition period ( Fig. 1 and 2) .
Our experiments show that a source of extracellular nitrogen, in this case in the form of nitrate, must be available in order for domoic acid to be produced during the stationary phase. Nitrogen is similarly required for the production of the paralytic shellfish poison saxitoxin by various Alexandrium species, although during exponential phase (Boyer et al. 1987; Anderson et al. 1990 ). In the case of Alexandrium fundyense, saxitoxin was synthesized during stationary phase, as well as exponential phase, when nitrate was in excess and phosphorus was the growth-limiting nutrient (Anderson et al. 1990 ). Since both saxitoxin and domoic acid are nitrogen-containing compounds, it is not surprising that their production is dependent on an available source of nitogen. This conclusion is reinforced by results which show that N. pungens cells deprived of nitrogen did not produce domoic acid and that addition of nitrate resulted in the resumption of toxin production, but only after cell division ceased (Fig. 5A) . When nitrogen is no longer required for cell division because of growth limitation by other factors (e.g. silicate limitation in these experiments), non-dividing cells continue to assimilate extracellular nitrogen (Fig. 5B) . This nitro-gen is involved in the synthesis of amino acids (e.g. glutamate), which may then be used for domoic acid production . Extracellular nitrogen, rather than previously stored nitrogenous organic compounds, thus appears to be the primary nitrogen source for domoic acid production.
There are probably many other factors that can trigger the metabolic pathway for domoic acid production, with or without impairing the cell's ability to divide. Studies are in progress to explore this question by looking at the effects of other nitrogenous nutrients, such as ammonium and urea, on domoic acid production. Such studies may help us understand results from the field which show the maintenance of relatively high levels of domoic acid per cell in apparently actively dividing bloom populations of N. pungens (Smith et al. 1990b ).
The inability of N. pungens to produce a nitrogen-containing compound, domoic acid, in the absence of nitrate and its ability to produce the toxin when cell division has ceased (in these experiments due to silicate limitation) prompted us to examine the composition of the culture medium in which the organism grew. A comparison of the N:P:Si ratio in medium fl2 and in diatoms suggests that silicate rather than nitrogen or phosphorus limits the cell yield of diatoms in this medium. We thus found, as expected, that the concentration of initial silicate controlled the final cell yield obtained during the stationary phase (Fig. 4) , that silicate became depleted before nitrate or phosphate, and that nitrate remained in excess in the medium during the postexponential growth phase (Fig. 5) . If one wishes to vary the initial concentration of silicate and/or nitrate, then there is an N:Si ratio below which there is a changeover from silicate to nitrate limitation. In such situations, stationary phase is induced by nitrogen limitation, and domoic acid production will not be observed. An elevated cell yield in association with domoic acid production can be achieved by increasing the silicate concentration, but the nitrate concentration must be increased proportionally in order to maintain an initial N:Si ratio of at least 8:1 as found in medium fl2. Thus, our results support other studies (e.g. Anderson et al. 1990 ) which show that nutrient ratios are important in controlling toxin production. In a broader context, Smayda (1990) suggested that changes in nutrient ratios could be an important factor in explaining the apparent global increase in the occurrence of novel and nuisance phytoplankton blooms, although the nutrient ratio theory does not address the question of the influence on toxin production.
The finding of a higher cellular domoic acid level in cultures grown with 55 f.LM silicate compared with 105 f.LM silicate (Fig. 4) may be explained by the timing of cell harvest during the stationary phase. All of the cultures growing with the different silicate concentrations used were harvested on the same day. This resulted in each culture remaining in stationary phase for a different duration, depending on the initial silicate concentration. Cultures in the higher initial silicate media grew for a longer period of time during the exponential phase before depleting the silicate. They therefore reached the stationary phase later than the cultures grown at the lower concentrations of initial silicate and had relatively less time to produce domoic acid. The timing of sampling as well as the initial N:Si ratio in the culture medium should therefore be carefully considered in domoic acid experiments.
We observed that the silicate concentration, measured after autoclaving the growth medium, far exceeded that originally added to the medium (Table 2) . It is likely that this extra silicate was released into solution from the wall of the borosilicate cul-ture flask during autoclaving (Tarapchak et al. 1983) . The amount of silicate released could vary, depending on the age of the flask, the pH of the medium during autoclaving, and the duration of autoclaving. Use of polycarbonate flasks to avoid leaching of silica from the culture vessel allows better control over the silicate concentration, particularly when studying the production of domoic acid by low cell density stationary phase cultures.
Superimposed on the nutrient-induced "growth stage variability" in batch culture is a second type of variability due to physical factors (Anderson et al. 1990 ). Temperature, salinity, and irradiance level influence the production of phycotoxins, either by direct effects on metabolic pathways or indirectly via their control on division rate (Ogata et al. 1989; Tracey et al. 1990; Anderson et al. 1990 ). These studies generally show an increase in cellular toxin level with a decrease in division rate at suboptimal temperatures or irradiance levels. In the present study with N. pungens, growth at 45 f.LE·m -2·S-I relative to 145 f.LE·m-2·s-1 resulted in a decrease in the division rate, but not in the rate of domoic acid production measured 10 d later during the stationary phase (Fig. 2) . Consistent with previous experiments, domoic acid synthesis did not start until the stationary phase was reached, and this was delayed due to the slower division rate at the lower irradiance level. The above irradiance and silicate experiments illustrate the importance of measuring the time course of toxin production rather than making one measurement during the stationary phase. There may be an irradiance level below which the rate of domoic acid production decreases if photosynthetic energy is required for toxin production. At the extreme, domoic acid synthesis ceased when N. pungens was placed into darkness for several days and during the dark period of a light-dark cycle (Fig. 3) . This indicates that there is a close coupling between photosynthetic activity and domoic acid synthesis. This is also supported by the finding that no domoic acid was produced in the presence of the photosynthetic inhibitor DCMU (Fig. 6) . A similar important role of photosynthesis in the production of dinoflagellate toxins was reported by Ogata et al. (1989) . Irradiance level could also have an indirect influence on domoic acid production by its effect on the uptake of nitrate. For example, the rate of nitrate uptake by phytoplankton is typically decreased at low irradiance levels (e.g. Cochlan et al. 1991) , and this could limit the supply of nitrogen required for domoic acid production.
The above experiments were carried out with nonaxenic cultures, and we can therefore not rule out the possible role of bacteria in the growth of N. pungens and/or in the production of domoic acid. Algal cultures in stationary phase typically release a large amount of dissolved organic matter (DOM). Since the N. pungens cultures were not axenic, it is possible that this DOM stimulated an associated bacterial flora, which then produced the observed domoic acid. For the moment, therefore, this problem remains unresolved. However, we have no evidence to support the hypothesis that bacteria, alone, produce domoic acid. For example, no particulate domoic acid was found in the retentate of a 0.2-f.Lm pore size polycarbonate filter following filtration of a 3-f.Lm filtrate from a culture medium in whichN. pungens had grown (unpubl. data). Antibiotic treatments, both in our laboratory and in collaboration with two other laboratories (R. Selvin, Bigelow Laboratory for Ocean Sciences, West Boothbay Harbor, ME, pers. comm.; D. Douglas, Institute for Marine Biosciences, National Research Council of Canada, Halifax, N.S., pers. comm.), have resulted in clones of N. pungens f. multiseries with no apparent bacteria in the growth medium. Experiments on the important question of domoic acid production by axenic cultures are in progress.
Interestingly, N. pungens cells remain viable for at least as long as 40 d in batch culture. The proportion of intact, chlorophyll-containing cells decreases during this period, usually not in excess of 2%'d -I (unpubl. data), yet the viable cells that remain continue to produce domoic acid (Fig. 1) , provided that nitrogen is still present in the medium after the culture reaches stationary phase. Furthermore, N. pungens blooms can persist for up to 3 mo in the field Smith et al. 1990a) . Is domoic acid accumulated as a nitrogen reserve that could be mobilized for the synthesis of essential amino acids, enabling N. pungens to remain viable for long periods of time during limitation by some other factor? Domoic acid is probably not as significant a nitrogen storage compound as is saxitoxin because it contains only 4.5% nitrogen on a molecular weight basis, compared with 33% nitrogen for saxitoxin produced by Alexandrium species (Boyer et al. 1987) . Furthermore, the synthesis of domoic acid represented only 1.5%, on a molar basis, of the nitrogen taken up during the stationary phase in culture (Fig. 5) . It is likely that the nitrogen taken up during the stationary phase is used to synthesize other nitrogencontaining compounds which, like domoic acid, are either stored or released into the medium. In another set of experiments (unpubl. data), no distinct photosynthetic advantage was seen for N. pungens f. multiseries during the stationary phase compared with the non-domoic-acid-producing form, N. pungens f. pungens. For now, the explicit ecological and metabolic role of domoic acid remains unknown.
The 1988 N. pungens bloom in eastern Prince Edward Island occurred concurrently with an increase in nitrate in the water column (Smith et al. I990a) . Although ammonium and urea are also important nitrogen sources for estuarine phytoplankton, it is evident from our laboratory results that the presence of nitrogen, in this case in the form of nitrate, was an essential factor for domoic acid production. Studies are in progress to determine the effects of ammonium-N on domoic acid production. Our finding that domoic acid was produced at similar rates at low and high irradiance levels is also consistent with an autumnal domoic-acid-producing bloom at a time when the ambient irradiance level was decreasing.
We conclude that at least three conditions are required for the production of domoic acid by our clone of N. pungens f. multiseries grown with nitrate: (I) cessation of cell division, (2) availability of nitrate or other suitable nitrogen sources during the stationary phase, and (3) the presence of light. Growth in culture medium f/2, which contains limiting silicate and excess nitrate, fulfils these requirements.
